Next-generation DNA sequencing is rapidly becoming a powerful tool for food animal management. One valuable use of this technology is to reexamine long-standing observations of performance differences associated with animal husbandry practices to better understand how these differences may be modulated by the gastrointestinal (GI) microbiome. The influences of environmental parameters such as air temperature and relative humidity on broiler chicken performance have commonly been observed, but how the GI microbiome may respond to seasonal environmental changes remains largely unknown. The purposes of this study were therefore to: (1) characterize the cecal microflora of commercial broilers (N = 87) collected at harvest across all 4 seasons, and (2) identify any significant changes of the GI microbiome and specific taxa according to season and Campylobacter status. Finding taxa with significant positive or negative correlations with Campylobacter could be useful by identifying indicator or antagonistic taxa and could also inform inferences regarding the ecological niche of Campylobacter. Whole GI tracts were removed from commercial broilers representing 87 independent flocks between April 2013 and May 2014 in the U.S. state of Georgia. Intact ceca were separated, cultured for Campylobacter and cecal contents were frozen. The cecal microbiome was characterized using barcoded sequencing of 16S rRNA genes on the Illumina MiSeq platform. The composition of the microbiome measured at processing was generally not affected by Campylobacter status but was most significantly affected by season of grow-out. Significantly fewer bacterial genera were found in winter than spring or summer. Bacterial genera with prior evidence for both positive or negative influences on gut health outcomes were significantly less abundant in the fall. Identifying specific members of the GI microbiota that vary according to season may help develop novel interventions to improve husbandry practices and growth performance.
INTRODUCTION
Poultry is the most popular meat in the U.S. with 18 million metric tons consumed in 2016 (OECD/FAO, 2016) . Globally, demand for poultry is projected to reach 131 million tons by 2025 when it will become the most widely consumed meat worldwide (OECD/FAO, 2016) . With increasing human population and use of land and resources, maximizing the efficiency of this production is increasingly important, particularly in a changing climate. The efficiency of poultry produc-tion is directly influenced by environmental conditions such as air temperature, relative humidity, and air circulation-performance losses occurring outside of the range of optimal conditions for these parameters have been well documented (May et al., 1998; Feddes et al., 2003; Simmons et al., 2003; Jones et al., 2005; Blahova et al., 2007; Bokkers et al., 2010) . For example, exposure to low (<21 deg C) or high ambient air temperatures (>30 deg C) have been shown to negatively influence homeostasis and performance (Meltzer, 1983; Donkoh, 1989; Blahova et al., 2007) .
In many parts of the world, wide fluctuations in environmental parameters regularly occur according to season. In the U.S. state of Georgia, which ranks first among U.S. states (USDA National Agricultural Statistics Service, 2017) and seventh globally for broiler production (USDA Foreign Agricultural Service, 2017), seasons are characterized by hot summers (average high >30 deg C) and cold winters (average low <5 deg C).
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Air temperature inside poultry houses is typically moderated for animal wellbeing, but in-house temperatures still correlate with ambient air temperatures and heating and cooling efforts can change relative humidity or other environmental parameters known to be important for animal welfare and growth (Suk and Washburn, 1995; Feddes et al., 2003; Jones et al., 2005) .
Environmental changes related to season may have important effects on the composition and functioning of the gastrointestinal (GI) microbiome. Poultry are naturally adapted to hosting a complex GI microbiota with hundreds of bacterial species (Oakley et al., 2013) and up to 10 11 CFU per gram of intestinal contents (Barnes, 1979) . The importance of the GI microbiome for animal health and nutrition has been known since the first uses of antibiotics as growth promoters in food animals (Dibner and Richards, 2005) , and more recently confirmed by several seminal studies demonstrating that the GI microbiome can modulate energy harvest from the diet in humans and other animals (Turnbaugh et al., 2006; Turnbaugh et al., 2007; Li et al., 2008) . Such work has stimulated recent attempts to identify specific taxa within the chicken GI microbiome associated with performance (Stanley et al., 2013; Han et al., 2016; Mancabelli et al., 2016) . Given the importance of the GI microbiome for growth and nutrition and previously documented seasonal performance differences, we hypothesized that differences in the cecal microbiome could be observed according to season.
Seasonal changes in the GI microbiome may occur through multiple mechanisms typical of environmental influences and host-microbe interactions. For example, environmental temperatures can directly influence microbial community composition due to temperature optima for microbial growth that vary by taxa. Environmental influences on host stress and immune responses can also influence the GI microbiome directly and indirectly. As an initial study on this topic, the purposes of the current work were to (1) characterize the cecal microbial community of commercial broilers collected at processing across all 4 seasons, and (2) identify significant changes of the cecal microbiome and specific taxa according to season and Campylobacter status. Campylobacter remains one of the most common causes of foodborne illness and is commonly associated with poultry (Scallan et al., 2011) . Despite some intriguing recent research raising the possibility that Campylobacter might help maintain a low-hydrogen environment in the poultry cecum (Sergeant et al., 2014) , the ecological context and possible interactions between Campylobacter and other members of the GI microbiome have received little attention. If Campylobacter colonization is associated with significant alterations of the GI microbiome, this could be potentially important information for flock health, performance, or food safety. For example, bacterial taxa that are positively or negatively correlated with Campylobacter may be useful as indicator species or potential antagonists of Campylobacter. To our knowledge, this is the first study to use high-throughput sequencing techniques to address these questions. The ultimate objective of this approach is to improve animal husbandry practices through greater understanding and evidence-based management of the GI microbiome.
MATERIAL AND METHODS

Sample Collection and Screening of Samples
Samples were collected in northeastern GA and cultured for Campylobacter as previously described (Berrang et al., 2017) . Briefly, on 87 replicate sample days from April 2013 to May 2014, viscera were aseptically removed from carcasses in a commercial processing plant, placed into a sterile plastic bag and covered with ice for transport to the laboratory. Within 30 min of collection, 1 cecum was removed from the intestinal tract, smashed to release contents, diluted with PBS and blended in a paddle blender. An aliquot of diluted cecal material was plated onto the surface of Campycefex agar (Stern et al., 1992) 
DNA Extraction and PCR
DNA was extracted from approximately 0.1 g of cecal contents using the MoBio UltraClean Soil DNA kit (Qiagen, Carlsbad, CA) according to the manufacturer's recommendations. DNA concentration and quality were confirmed after extraction using a NanoDrop (ThermoFisher, Waltham, MA). Barcoded PCR of the V4-V5 regions of the 16S rRNA gene was performed using the primers 519F (5 -CAGCMGCCGCGGTAATWC-3 ) and 926R (5 -CCGTCAATTCCTTTRAGGTT-3 ) as previously described (Oakley et al., 2013 (Oakley et al., , 2014 Kogut and Oakley, 2016) with the barcoding scheme based on Faircloth and Glenn (2012) . Following PCR, amplicons were normalized with the Invitrogen SequalPrep kit (Carlsbad, CA) and sequenced according to manufacturer's recommendations on the Illumina MiSeq using the 2 × 250 bp v2 kit.
Bioinformatic Analysis
Processing of sequence data was performed with 2 independent methods to confirm reproducible results. In the first approach (hereafter referred to as the hybrid approach), de-multiplexing and chimerachecking was done using portions of the QIIME (Caporaso et al., 2010a) and mothur (Schloss et al., 2009 ) software packages and custom PERL and Unix shell scripts as previously described (Oakley et al., 2012a,b; 2013; Kogut and Oakley, 2016) . Briefly, paired sequence reads were trimmed with trimmomatic (Bolger et al., 2014) using Illumina adapter sequences, merged with Flash (Magoc and Salzberg, 2011) , and trimmed based on read quality with fastq quality trimmer (Blankenberg et al., 2010) using a Phred quality threshold of 25. Sequences were required to have both primer sequences present with leading or trailing nucleotides discarded and no ambiguous base calls in the entire sequence. Sequences were screened for chimeras using usearch (Edgar, 2010) and a reference database constructed from type strains in v128 of the Silva reference database. Following pre-processing, sequences were classified taxonomically both by usearch against the Silva database and by the RDP naïve Bayesian classifier against the RDP database (Cole et al., 2009 ). Sequences were also grouped into 97% sequence similarity clusters or operational taxonomic units (OTUs) with usearch (Edgar, 2010) , and the relative proportions of taxa were compared between samples without sub-sampling.
In the second approach (hereafter referred to as the QIIME2 approach), sequence data were checked for barcodes with the QIIME v1.9 extract barcodes.py script (Caporaso et al., 2010b) , then analyzed with the QIIME2 package of tools (qiime2.org). Demultiplexing and denoising were done with "qiime demux emppaired" and "qiime dada2 denoise-paired" commands, respectively. DADA2 is a new open-source tool for modeling and correcting Illumina-sequenced amplicon errors, including detection and removal of chimeras, as well as generating OTU tables at a 100% identity level (Callahan et al., 2016) . Demultiplexed samples were merged into a single OTU table with the "qiime featuretable merge" command to produce a table in biom format. Phylogenetic analyses were performed with the "qiime alignment" and "qiime phylogeny" commands, and diversity analyses were performed with "qiime diversity core-metrics", "qiime diversity alpha-groupsignificance", "qiime diversity beta-group-significance", and "qiime emperor plot -i-pcoa" commands in order to run several alpha-(e.g., shannon, faith pd, chao1) and beta-diversity (e.g., bray curtis, jaccard, unweighted and weighted unifrac) metrics, as well as statistical analyses using the beta-diversity distance matrices (pairwise phylogenetic distances between samples) as inputs for assessing group significance and plotting principal coordinate analysis (PCoA) charts. Finally, taxonomic classification was done using GreenGenes as the reference database (Caporaso, 2017) with the "qiime feature-classifier classify-sklearn" command.
Statistical Analysis
For both the QIIME2 and hybrid approaches, ad hoc R scripts were written for the purposes of (1) plotting strip charts and (2) running statistical analyses like Adonis from the vegan R package (Jari Oksanen et al., 2017) . Adonis was run with default parameters using both Bray-Curtis and Jaccard distance matrices. The non-metric multi-dimensional scaling analysis or non-parametric PCoA plot, displayed in (Lozupone and Knight, 2005) implemented in mothur (Schloss et al., 2009) was also used to test for significant phylogenetic clustering of samples according to season. Briefly, UniFrac compares branch lengths that are unique to a given sample vs. branch lengths that are shared by multiple samples in the observed tree to a null distribution made from samples (representing seasons in this case) randomly permutated across the same tree topology. Specific taxa with significantly different relative abundances according to season were identified using both ANCOM (Mandal et al., 2015) and a hybrid approach combining MetaStats (White et al., 2009 ) with pairwise t-tests with Bonferroni corrections and a minimum abundance cutoff of 0.5% for each taxon. All figures were generated with the R software package except for Figure 2 which was created with the interactive tree of life (Letunic and Bork, 2007) . The phylogenetic trees in Figures 4 and 5 were constructed with a neighbor-joining algorithm in the ARB software package (Ludwig et al., 2004) with sequences aligned to the Silva v128 reference alignment (Pruesse et al., 2007) using mothur (Schloss et al., 2009 ) and filtered to the sequenced region minus the primer sequences. 
RESULTS
Approximately 56% of samples (49/87) were positive for Campylobacter across all seasons (Table 1) . Campylobacter was detected in all sampling months with 14 of 21 (67%) samples Campylobacter-positive in winter, 16 of 33 (48%) in spring, 10 of 19 (53%) in summer, and 9 of 14 (64%) in fall (Table 1) .
Relationship Between Campylobacter Status and Total Microbiome
The taxonomic composition of the microbiome did not have a significant relationship with Campylobacter status but did vary significantly according to season. Clustering of cecal communities using PCoA showed little distinction of community composition based on Campylobacter status, but a clear separation based on season, particularly of fall samples relative to samples from the other three seasons (Figure 1 ). This observation was confirmed by permutational analysis of variance which was used to partition sources of variation contributing to the distance matrix of samples according to their taxonomic composition (Table 2) . Campylobacter status by itself was not a significant influence on the composition of the cecal microbiome, but season of sampling had a strongly significant influence on the taxonomic composition of the cecal microbiome Figure 3 . Taxonomic richness measured as the number of genera observed per bird compared across season. Genus-level classifications were performed using the RDP naïve Bayesian classifier with the hybrid approach described in the Methods section. Horizontal bars represent significant pairwise comparisons of seasonal means using t-tests with Bonferroni corrections.
( Table 2 ). Interestingly, when season was calculated for each sample according to the first week after hatch, the effect on the microbiome composition was more significant (P = 0.000; Table 2 ) than when season was calculated as the season in which the samples were collected from ca. 42-d-old birds at the processing plant (P = 0.004; data not shown). To confirm these conclusions with independent methods, we also compared samples by making distance matrices constructed from genus-level classifications using both RDP and the Silva database or a 97% OTU similarity cutoff and also compared the QIIME2 pipeline and our own hybrid approach as described in the methods. In all cases, the clustering of samples according to season was significant. Phylogenetic trees made from these distance matrices also showed highly significant clustering by season according to weighted UniFrac (P < 0.000; Figure 2 ).
Seasonal Patterns of Taxonomic Richness
To further investigate the influence of season on the GI microbiome, we next compared the taxonomic richness across season. The number of genera observed in each sample varied significantly according to season during the first week after hatch (Figure 3 ). Birds that hatched during winter months had the lowest taxonomic richness with significantly fewer genera than birds hatched in spring or summer (Figure 3) . Birds hatched during summer had the highest richness with significantly more genera than birds hatched in the fall or winter (Figure 3) . Comparisons using the number of genera determined from the Silva database or using Table 2 . Permutational analysis of variance partitioning sources of variation in microbiome distance matrix for all samples based on classification to the genus level. Analysis was done using the Adonis package in R as described in the text. 
Taxa With Significant Seasonal Variations
Genera that had significant differences in abundance by season were identified using several statistical and screening approaches as described in the methods. ANCOM identified only sequences classified as Lachnospiraceae as being significantly less abundant in the fall ( Figure 4A ). Using a less stringent approach of Metastats and pairwise t-tests with Bonferroni corrections as described in the Methods section, a similar result was obtained and several additional taxa (most within the Lachnospiraceae family) were identified as differentially abundant according to season. Taxa identified by this approach were generally classified by the RDP Bayesian classifier as one of 5 genera within the larger Clostridiales group (Figure 4B-G) . Clostridium IV ( Figure 4B ; Ruminococcaceae, C. leptum group), Clostridium XIVa ( Figure 4C ; Lachnospiraceae), Coprococcus ( Figure 4D ; Lachnospiraceae), Dorea ( Figure 4E ; Lachnospiraceae), and Ruminococcus2 ( Figure 4F ; Lachnospiraceae). Phylogenetic placement of representative OTUs from these groups with type strains from the Silva database (Pruesse et al., 2007) was consistent with the taxonomic classifications of both of our analytical approaches ( Figure 4G ). Each of these taxa was significantly more abundant in the winter relative to at least 1 other season (Figure 4A-F) . Two other genera similarly identified with significant seasonal differences were significantly more abundant in winter than summer ( Figure 5 ). These sequences were classified by RDP as Erysipelotrichaceae ( Figure 5A ) and Phascolarctobacterium ( Figure 5B ).
DISCUSSION
Seasonal differences in broiler growth and performance have been recognized for decades but changes in the broiler GI microbiome associated with environmental conditions or season have not been previously documented to our knowledge. Given the importance of the GI microbiome for health and nutrition, identifying taxa that differ significantly in abundance according to season may be particularly important as a previously under-appreciated aspect of animal husbandry.
In this study, we observed a strongly significant relationship between season and the taxonomic composition of the microbiome. Seasonality had a significant effect on the overall profile of the microbial community measured at the family, genus, and OTU level. Additional community-level metrics such as richness (total number of genera or OTUs) were also significantly different according to season. Consistent with a significant seasonal effect, the greatest contrasts in richness were between the cecal microbiome in winter vs. summer (Figure 3) . In northeast Georgia, where our samples were collected, summers are hot and humid, winters can be cold (average temperatures <5 deg C), and spring and fall are relatively mild. Cold temperatures (below ca. 24 deg C) have been shown to negatively influence hematocrit and hemoglobin levels, feed conversion, and body weight (Blahova et al., 2007) . In the winter, poultry houses are commonly heated which may affect relative humidity and moisture level in bedding material.
Interestingly, the cecal microbiome collected at processing was more significantly related to the season during the first week after hatch vs. the season when the samples were actually collected. This observation is consistent with ecological principles that early differences in so-called "successional trajectories" as a community forms can have major consequences for species composition of a mature ecosystem (Fastie, 1995) and previous research showing that early-life influences such as breastfeeding, pediatric antibiotic usage, or diet can have long-lasting effects on the human microbiome and future health outcomes (Johnson and Versalovic, 2012; Backhed et al., 2015; Lewis et al., 2015; Vangay et al., 2015) . Early-life influences can similarly be expected to affect the composition of the chicken GI microbiome and may have significant consequences for health and nutrition during the broiler production cycle.
Several taxonomic groups had significantly different relative abundances according to season. Without direct evidence, it is difficult to infer the influence of these taxa on gut health and bird performance. Some of these taxa such as the Clostridium IV group (Figure 4B ) and the Clostridium XIVa group ( Figure 4C and D) contain putative beneficial strains that have been previously associated with butyrate production, reduced inflammation, reduced gut permeability, and improved gut health generally (Kang et al., 2010; Chiba and Seno, 2011; Atarashi et al., 2013; Lopetuso et al., 2013) . Members of the true Ruminococcus group closely related to the Clostridium IV group have been shown to have several positive phenotypes including degradation of resistant starch and negative correlations with irritable bowel syndrome in humans (Kang et al., 2010; Ze et al., 2012) . Other taxa within the Lachnospiraceae group including Dorea ( Figure 4E ) and sequences classified as Ruminococcus2 by the RDP ( Figure 4F ) have been associated with detrimental phenotypes such as mucus degradation (Hoskins et al., 1985) and irritable bowel syndrome (Malinen et al., 2010; Saulnier et al., 2011) . Two other genera were more abundant in winter than summer (Erysipelotrichaceae and Phascolarctobacterium; Figure 5 ). Erysipelothrix rhusiopathiae is a known pathogen of poultry that can cause erysipelas (Merck manual); however, our sequences classified as Erysipelotrichaceae were most closely related to the Clostridium XVI group ( Figure 5C ) that contains fermentative anaerobes that produce lactate, acetate, and butyrate (Kanno et al., 2015) . Phascolarctobacterium also was significantly more abundant in winter relative to summer ( Figure 5B ). Previous studies have identified Phascolarctobacterium as common members of the human GI microbiome where they may be specialized to utilize succinate generated by other bacterial taxa (Watanabe et al., 2012) .
Given that winter is generally the worst season for broiler performance in Georgia (Chuck Hofacre, University of Georgia, Athens, GA, personal communication), we expected to find putatively beneficial taxa overrepresented in other seasons or presumed pathogens more abundant in winter. Without the increase in presumed beneficial taxa we observed in winter (Figure 4B-D) , it is possible that performance losses would be even worse. It is also possible that increases in relative abundance for specific taxa might be an artifact of the reduced taxonomic richness observed in the winter. This seems unlikely however given that the taxonomic richness in fall was nearly identical to winter and no taxa were over-represented in the fall.
The secondary objective of this study was to determine if Campylobacter status has a significant association with the composition of the GI microbiome. Despite decades of research on Campylobacter in broiler chickens, the ecological context and possible interactions between Campylobacter and other members of the GI microbiome have received little attention. If the taxonomic composition of the GI microbiome differs according to Campylobacter presence or absence, this could be potentially important information for flock health, performance, and/or food safety. Campylobacter colonization could be either a cause or a consequence of dysbiosis of the GI microbiome or, conversely, could even be associated with beneficial taxa. Finding taxa with significant positive or negative correlations with Campylobacter could be useful to the poultry industry by identifying indicator or antagonistic taxa and could also inform inferences regarding the ecological niche of Campylobacter. In this study, based on the nonsignificant relationship between Campylobacter status and the cecal microbiome as a whole, we conclude that Campylobacter does not result from or cause significant changes in the composition of the cecal microbial community. This conclusion may be limited by our classification of Campylobacter status as a binary measurement of cecal samples collected at the end of commercial grow-out and by our focus on healthy birds at processing. Future studies that provide quantitative measures of Campylobacter abundance and more detailed analyses of the associations between Campylobacter and specific members of the microbiome may provide a more detailed answer to this question.
CONCLUSIONS
From the results presented here, we conclude that the taxonomic composition of the microbiome is not significantly affected by Campylobacter status but does vary significantly by season of grow-out. This is an important finding for several reasons. First, these results suggest that Campylobacter presence in mature broiler chickens does not appear to be a cause or consequence of significant changes in the taxonomic composition of the cecal microbial community, at least with the methods of Campylobacter detection used here. Second, because performance varies by season, identifying specific attributes of the GI microbiota that vary according to season can help to guide novel interventions. This study identifies several taxonomic groups with significantly different representation in the cecal microbiome according to season. As our knowledge base improves regarding the chicken GI microbiome and its effects on health, nutrition, and growth, husbandry practices may come to include specific interventions designed to limit undesirable seasonal influences on the microbiome and perhaps also promote beneficial taxa according to season.
